. The root mean square error of prediction (RMSEP) for the models developed to predict moisture content were 0 .524% (w/w) (exp A), and 0.423% (w/w) (exp B), while the RMSEP of the  inorganic salt models were 0.220% (w/w) (exp A), and 0.263% (w/w) (exp B) . It was concluded that dielectric spectroscopy has potential application for compositional analysis in process cheese manufacture.
INTRODUCTION
There is an increasing demand for improved measurement and control techniques in cheese manufacture. [1] Evaluation of cheese quality involves measurement of compositional parameters including moisture and salt content. However determination of composition is usually laboratory based and involves time-consuming and labour intensive techniques. Therefore the development of an on-line/at-line sensor, which allows for the objective, rapid and non-destructive determination of cheese composition would greatly enhance overall process control. Dielectric properties of a food material are primarily determined by their composition. Therefore dielectric properties should provide an insight into the key compositional parameters of a product. The properties of interest are the dielectric constant (ε′) and the loss factor (ε″).
The dielectric constant, ε′, is a measure of the capacity of a material to store electrical energy. The loss factor, ε″, relates to the ability of a material to dissipate energy. These properties are essentially dominated by molecular rotation of polar molecules and ionic interactions. Therefore the dielectric properties of food materials will principally be determined by moisture and salt content. [2] This suggests a potential application of dielectric spectroscopy for the simultaneous determination of these compositional parameters in process cheese. Several studies have demonstrated the potential of using dielectric spectroscopy to determine the quality and composition of food products including meats, [3] [4] [5] fruits, [6, 7] dairy, [8] [9] [10] and agricultural products. [11] While Kudra et al. determined the dielectric properties of milk and its constituents at 2450 MHz, [9] Green was one of the first to provide chemical analysis and dielectric measurements of cheese at high frequencies (750 MHz-12.4 GHz). [10] In his study, Cheddar cheese samples were dried from 35% to 0% moisture content on a wet basis. Decreases in both the dielectric constant and loss factor were clearly evident. [10] An increase in the salt content was indicated by a rapidly increasing loss factor at low frequencies. Green also found that the permittivity of the fat fraction was constant between 2.6 and 12.4 GHz with both a low dielectric constant and loss factor recorded. Further work has led to the development of an on-line dielectric sensor by Keam Holdem Associates for the determination of moisture and salt content in cheese. [12, 13] Mean differences between the predicted and actual results for moisture and salt content were approximately 0.5% and 0.2% respectively. However these studies focused solely on natural cheese. [12, 13] With an increasing demand for improved measurement and control techniques in cheese manufacture, dielectric spectroscopy offers the potential for low cost, accurate sensing, which could achieve near instantaneous measurements of critical process control parameters. However there is limited information available on the dielectric properties of process cheese. Therefore the aims of this study are to investigate the dielectric properties of process cheese samples over a range of compositional parameters and to assess the potential of dielectric spectroscopy to improve process control during process cheese manufacture.
MATERIALS AND METHODS

Process Cheese Samples
Process cheese samples (n = 40) were manufactured at the Dairy Products Research Centre, Cork, Ireland in two separate experiments (exp A and exp B). Exp A samples were manufactured using direct steam injection, while indirect steam heating was employed in producing exp B samples. All samples were produced in a UMM/SK 5 Universal Cooker (Stephan Food Processing Technology, Germany). Exp A was a 5 × 3 factorial design with 9 duplicates. Exp B was a 3 × 3 factorial design with 7 duplicates. Exp A and exp B samples were manufactured on different dates.
The ingredients used were cheddar cheese, Irish commercial salted butter, water and emulsifying salts (disodium phosphate). The amount of each ingredient used in the production of the experimental samples is presented in Table 1 .
The total weight of each cheese manufactured was 3.1 kg. Ingredients were mixed in the cooker and then heated to 80° C, by the heating method specified, with constant stirring (knife at 300 rpm and baffle mixer at 80 rpm) for 2 mins. The resulting mixture was poured into plastic containers of food commercial grade with a capacity of 225 g, lidded, cooled and placed in storage at 4° C. The ingredients were varied as indicated in Table 1 to give a range of compositions. The target compositions shown in Table 2 , were selected as to extend beyond those used commercially by process cheese manufacturers.
Compositional Analysis
The method used to determine the moisture content of the process cheese samples was drying in an air-oven for 16 h at 100° C. Finely cut and mixed cheese samples (∼5 g) were accurately weighed and spread uniformly in an aluminium dish. Cheese samples were dried overnight (∼16 h) at 100° C. Dried samples were removed from the oven, covered and cooled to room temperature in a desiccator (∼1 h) and weighed. The moisture content was calculated as the percentage loss in weight. Analyses were performed in duplicate with the mean being taken as the final result. The precision of moisture determinations was expressed as the standard deviation of the differences between the replicates (SDD). Inorganic salt content in the process cheese was calculated as the amount of disodium phosphate included plus the amount of sodium chloride in the butter and natural cheese added to the blend. The salt content of the butter and cheese was determined from the manufactures specifications and had salt contents of 2% (w/w) and 1.77% (w/w) respectively.
Dielectric Measurements
Dielectric measurements were made using a HP 85070 open-ended coaxial line probe, a HP network analyser (Hewlett Packard, CA, USA), a PC and associated software ( Fig. 1) . The system was calibrated using three known standards, air, a short circuit and distilled water at 25° C. Dielectric properties are temperature dependent, therefore samples were left out overnight to equilibrate to room temperature (18-22° C). The temperature of , Ireland). The cheese samples were raised on a ramp until in constant contact with the surface of the probe. The network analyser was used to automatically obtain dielectric spectra for each of the samples at 51 logarithmically spaced frequency points between 300 MHz and 3 GHz. Dielectric spectra were collected in triplicate for each sample, which each spectra measured at a different position on the sample.
Statistical Analysis
The standard deviations of the replicates across the dielectric spectra were calculated. In general the standard deviations at any frequency was less than 4% and this was used as a guide to identifying and rejecting outliers. [4] Outliers are the result of poor or uneven contact between the probe and the sample or the presence of air bubbles close to the probe. Statistical analysis of the relationships between the dielectric properties and compositional values were carried out using SAS V 8.02 (SAS Institute Inc., USA). Chemometric models were developed using The Unscrambler software version 8.0 (CAMO Ltd, Norway). The calibration models were generated by partial least squares (PLS) regression and confirmed by full cross validation. Regressions were carried out using two response variables, moisture and inorganic salt content. The proficiency of the developed models to predict the level of these elements was expressed as the optimum number of PLS Loadings (L), root mean square error of prediction (RMSEP) [Eq. (1)] and the coefficient of determination (R 2 ). I = number of samples, N = number of elements, y = response variable, F = y residual.
The optimal number of loadings was determined from the RMSEP curve. The number of loadings to be used was indicated by the first local minimum. Practical utility of the calibrations was assessed using the range error ratio (RER). Values for this ratio are calculated by dividing the range in content of a given compositional parameter by the prediction error for that parameter. [14] RMSEP I yweights Fiys i j 
RESULTS AND DISCUSSION
Compositional Analysis
A summary of the compositional analysis results is presented in Table 3 . Samples were analysed at 2 and/or 4 weeks post manufacture as outlined in Table 4 . In exp A the moisture content ranged from 37.08-50.24% (w/w) whereas in exp B the moisture content was 37.5-48.4% (w/w). In both cases the inorganic salt content ranged from 2.5-4.7% (w/w). The precision of the laboratory results was determined as the standard deviation of the difference between the duplicates (SDD). The reproducibility of the moisture content results at week 2 for exps A and B were ± 0.41% and ± 0.1% respectively, while for exp A at week 4 it was ± 0.21%.
Dielectric Spectra
Dielectric spectra of all samples were recorded at 2 and/or 4 weeks post manufacture as detailed in Table 4 . This resulted in a total of 55 spectra for chemometric ) dielectric spectra of process cheese obtained in this study. Both figures illustrate the frequency dependent nature of the dielectric properties. The significant decreases in the loss factor over the frequency range tested may be attributed to the presence of salts introducing ionic conductivity.
Influence of Moisture Content on the Dielectric Properties
Previous studies would suggest that the polar rotation of molecules will dominate the dielectric spectrum. [15] Therefore water, as a polar solvent, should primarily influence the dielectric properties of a food material. Initially the effect of moisture at two frequencies (948 MHz and 2460 MHz) was investigated. These frequencies were chosen due to their proximity to the two frequencies allocated for industrial use, namely 915 MHz and 2450 MHz. The significance of the relationship between moisture content and ε′ or ε″ was often similar at both frequencies (Table 5 ). However, the coefficient of determination (R 2 ) was lower at 948 MHz ( Table 5 ) and hence that data is not further explored here. Therefore all further analysis of the influence of moisture content on the dielectric parameters was carried out at 2460 MHz. Dielectric constant spectra of process cheese samples at two moisture levels (% w/w). Fig. 4 illustrates the relationship between moisture content and ε′ for exp A samples. It is clear from Fig. 4 that at higher moisture contents, ε′ of the samples increase (R 2 = 0.92). This correlation was also highly significant ( Table 5 ). Although Table 5 indicates that moisture significantly influenced ε″, the correlation coefficient was very low and was not illustrated (R 2 = 0.32). Therefore ε′ will be primarily dominated by the moisture content of the process cheese samples. It was noted in Fig. 4 that one sample (1 at 4 weeks) would seem to be an outlier. This experimental dielectric measurement is behaving in a significantly different manner to the rest of the set, which includes the same sample analysed at 2 weeks. Therefore we can attribute this outlier to errors in the dielectric measurement, which are most likely due to the presence of bubbles near to the probe. [4] The same positive relationships between ε′ and moisture content observed for the steam injected samples in Fig. 4 was also apparent for the indirectly heated samples in exp B. Fig. 5 illustrates that ε′ was principally affected by the moisture content of the samples (R 2 = 0.99). The less significant association between ε″ and the moisture content (R 2 = 0.38) 
Figure 3
Loss factor spectra of process cheese samples at two inorganic salt levels (% w/w).
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( Table 5 ) was again evident and hence is not reproduced here. These results suggest that in the cases of both cheese products the dielectric constant was almost entirely determined by moisture content. These findings correspond with those of Green who determined that ε′ was dominated by the moisture content of Cheddar cheese. [10] 
Influence of Inorganic Salt Content on the Dielectric Properties
To determine the effect of inorganic salt on the dielectric properties the data was treated as outlined above. In this case however, the effect of inorganic salt on the dielectric parameters was more apparent at the lower frequency of 948 MHz. This is to be expected due to the dominant effect of ionic conductivity on ε2 at lower frequencies already observed in Fig. 3 . Therefore the following analysis of the influence of inorganic salt ε´ content on the dielectric properties took place at 948 MHz. Fig. 6 demonstrates the correlation between the loss factor and inorganic salt content at 948 MHz for exp A. It illustrates that although this positive relationship is statistically significant, the coefficient of determination is low (R 2 = 0.40) ( Table 5 ) and therefore a combination of factors are interacting to influence ε2. Moisture content is expected to have some influence on ε2 due to the significant influence of moisture on this property as detected in Table 5 .
In order to further explore this, the samples were subdivided into groups based on moisture content in 3% intervals (Fig. 7) . The correlations observed in each of these ranges was an improvement on that seen when salt was taken independently (R 2 = 0.90-0.80). It was also noted that again sample 1 at week 4 recorded a lower loss factor than expected (Fig. 7) .
There was a limited positive relationship observed between the loss factor and the inorganic salt content in exp B (R 2 = 0.53, Fig. 8 ). This correlation was also less significant than the corresponding exp A correlation ( Table 5 ). It was also noted that no significant relationship between moisture content and ε2 existed for this smaller sample set ( Table 5 ).
As expected in both sets of samples, no association was observed between the ε1 data and inorganic salt content. Therefore inorganic salt content will only influence ε2. However in contrast to the dominant effect of moisture on the ε1, ε2 would seem to be determined by a combination of the salt and the moisture content.
Development of Moisture and Inorganic Salt Content Prediction Models
Models were developed to predict both moisture and inorganic salt content of the two experimental sets of process cheese samples. The initial investigation has demonstrated correlations between the ε1 data and moisture content and ε2 data and inorganic salt content at discrete frequencies. However previous research has indicated that multivariate statistical techniques such as partial least squares (PLS) regression, which can utilise the entire spectrum, can improve the prediction accuracy of models. [11] Therefore PLS regression was used to develop the calibration models for moisture and inorganic salt content. The full ε′ spectra were used to predict moisture content, while the full ε″ spectra were utilised in the prediction of inorganic salt content. PLS is a data compression method, which will find a few linear combinations (loadings) of the 51-point dielectric spectra. Only these loadings are used in the regression equation. This results in only the most relevant part of the variation in the spectra being used for regression. The parameter to be predicted, y, is computed using Eq. (2), where a is the number of loadings, t is the loading scores and q is the y loadings.
The models developed for the steam injected samples (exp A) included 38 spectra as sample 1 at week 4 was removed due to its obvious outlying position ( Figs. 4 and 7) . 4)] corresponded well with the available published data for natural cheese in which, the mean difference between the laboratory reference method and dielectrically determined moisture contents ranged from 0.4-0.8%. [12, 13] The exp A model had an RMSEP of 0.524% (w/w) and R 2 of 0.98 ( Fig. 9 ), while the exp B moisture model had an associated error of 0.423% (w/w) and R 2 of 0.98 (Fig. 10 ). The range error ratio (RER) is a method of standardising the RMSEP by relating it to the range of the reference data [14] . RER values of less than 6 indicate very poor classification and are not recommended for any application. An RER of 7-20 indicates that the model classification is poor to fair and could be used in a screening application. Finally a model that has an RER of 21-30 would illustrate good classification suggesting a role in a quality control application. The practical utility of the moisture content predication models were deemed to be very high (i.e., RER > 20) with the RER of the exp A and exp B models calculated as 25 and 26 respectively. It was noted that the exp A model, which involved a larger data set, was relatively more complex as it incorporated 5 loadings in comparison with the 3 loadings used in the exp B model [Eqs. (3) and (4)]. However the equations are relatively simple and hence should be sufficiently robust to yield good prediction results in the future.
The ability of the developed models to predict inorganic salt content was found to correlate well with published reports in which salt content of Cheddar cheese was predicted with a mean difference of between 0.1-0.2%. [16] Fig. 11 The exp A model was also deemed to have a poor to fair practical utility with a RER of 10. The RER of the exp B model was calculated as 8 and therefore also had a poor to 
fair practical utility. In order to improve the practical utility of the models, the salt content of the samples should be experimentally determined rather than based on the salt content of the ingredients added.
CONCLUSIONS
The development of on-line sensors for compositional analysis during cheese manufacture is desirable for improved quality control. The results of this study demonstrate the potential use of dielectric spectroscopy in such an application. Both directly and indirectly heated process cheese samples were found to have similar dielectric properties. In both experiments the moisture content of the samples was found to almost entirely dominate the dielectric constant. This resulted in a positive relationship between increasing moisture content and the dielectric constant. Although increases in the inorganic salt content resulted in an increasing loss factor, moisture content was also found to have an underlying effect on this property. It was determined that the dielectric constant and loss factor in conjunction with PLS regression could be used to predict moisture and inorganic salt content of process cheese products.
The moisture models developed were found to be of very high practical utility as indicated by the RER statistic. The models predicted the moisture content of the samples with a RMSEP of 0.524 and 0.423% (w/w). The inorganic salt prediction models were also demonstrated to be useful. The RMSEP associated with the inorganic salt models were 0.220 and 0.263% (w/w). However the practical utility of the models could be improved through experimental determination of salt content as opposed to the computations, based on ingredients added, used in this study. It was concluded that this technology has the potential to offer rapid, non-destructive and real-time measurement of inorganic salt and moisture content in process cheese manufacture.
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